Abstract Engineering infrastructure is provided at high cost and is expected to have a useful operational life of decades. However, it is clear that the future is uncertain. Traditional approaches to designing and operating urban storm drainage assets have relied on past performance of natural systems and the ability to extrapolate this performance, together with that of the assets across the usable lifetime. Whether or not climate change is going to significantly alter future weather patterns in Europe, it is clear that it is now incumbent on designers and operators of storm drainage systems to prepare for greater uncertainty in the effectiveness of storm drainage systems. A recent UK Government study considered the potential effects of climate and socio-economic change in the UK in terms of four future scenarios and what the implications are for the performance of existing storm drainage facilities. In this paper the modelling that was undertaken to try to quantify the changes in risk, together with the effectiveness of responses in managing that risk, are described. It shows that flood risks may increase by a factor of almost 30 times and that traditional engineering measures alone are unlikely to be able to provide protection.
Introduction
Worldwide, urban flooding has apparently become more frequent. This is due to a number of factors, not simply climate change and different patterns of precipitation. Urban growth, creeping informal increases in paved surfaces and development on flood plains all contribute to the problem. In addition, the best efforts of those responsible and who are aware of the increasing risks are often thwarted by the planning system and political expediencies into allowing inappropriately sited development. At an individual level, house and other property owners are faced with distressing events where their property and goods are damaged and they need to move out for clean-up operations. Increasingly, insurance to cover these problems is becoming more difficult to acquire and the normal criterion for insurability in the UK is now only where properties have a 70-year standard of protection. The future for all property owners and facilities operators is thus rather uncertain. With increasing precipitation, even individual property drainage systems, typically designed for 30 year return period storms, will be overwhelmed more frequently. Flooding will also occur in the vicinity of properties due to local failure and the advance of upstream flood waves as well as from the backing up of downstream overloaded main drains and watercourses.
Some 5,000-7,000 properties are flooded annually in England and Wales from sewage. These figures have remained broadly stable over the past decade (National Audit Office, 2004) . Although this figure represents 0.1% of all properties, there is also flooding due to failure of private (property) drainage and external flooding that does not directly affect properties. The latter may, however, disrupt transport links and will be a health and safety risk that may be prolonged long after the flood has been cleaned up. Internal flooding incidents caused by all sewers and drains outnumber the incidents associated with public sewers by an estimated 10 to 1. Although some of the data may relate to incidents like blocked sinks, it is clear that the numbers of flooding incidents due to private systems far outnumber of those due to public system failure (Defra, 2003) .
A UK Government Foresight project has recently investigated the changing risks of flooding and coastal inundation due to climate and socio-economic changes over the next century (Evans et al., 2004a) . Also the potential responses to reduce the increasing risks have been evaluated (Evans et al., 2004b) . Unfortunately the analytical tools to inform the project are inadequate particularly in the urban and intra-urban areas and simplified approaches have been necessary. Figure 1 shows the four socio-economic scenarios used and Table 1 the implications for urban areas.
The paper describes the modelling studies for the changed urban flood risk assessment and the response effectiveness reviews and highlights where new tools and research are needed.
Analysis of risk
The changes in flood risk and effectiveness of responses were investigated in terms of two different perspectives: (i) what happens within the urban area and (ii) the impacts from the urban area on the surrounding and downstream catchments. In this paper the effects of pluvial flooding within the urban area are considered. Four UK catchments were selected for detailed study of the current and future (2080) flood risks and the potential effectiveness of engineering responses. The characteristics of these are given in Table 2 . The effects of both precipitation change and urbanisation have been investigated.
Those responses in the urban area that were amenable to some degree to quantification were investigated in detail. The modelling assessment was designed to quantify potential impacts in three specific areas: 1. Flooding occurring only within the urban area (two catchments modelled) 2. Coincident flooding involving local river systems (one catchment modelled) 3. Coincident flooding involving tidal effects (one catchment modelled)
Modelling approach
As there are currently no established computational models for above ground flood flow passage through urban areas, the main modelling work concerned the below ground sewer network. Existing main sewerage computational models (hydroworks and infoworks) were made available by the owners (sewerage undertakers) for use on the project. The process followed is illustrated in Figure 2 . The modelling programme was designed to achieve a balance between the need to consider a wide range of future conditions across the whole of the UK, and the need to deliver the output within a tight timescale and budget. Four existing drainage area models were chosen to represent a range of Figure 2 Process used to assess the changes in future flood risk and effectiveness of responses for the four climate change and socio-economic group scenarios -main drainage pluvial flooding only catchment characteristics typically found in the UK. This allowed the authors to determine how much the results were influenced by different catchment characteristics and helped to determine the means of scaling up the results from local catchment to UK wide values.
It was decided from an early stage that to give meaningful results, the models would have to replicate the flood risk at the level of the individual property. This meant not only replicating the performance of the sewerage system and contributing catchment areas, but also tracking potential flood routes from the sewerage system to individual properties. Here the local topography and the elevation of property relative to local sewer pipes becomes important. Given the large numbers of properties involved (154,360), this task had to be automated, and use was made of MWH's Flood Risk Tool. This is a sewer modelling post processing tool that assesses the risk of flooding of individual property based on the spatial location of property to the sewer network (horizontal and vertical position) and accounts for both predicted surface flooding and the level of the hydraulic gradient. The tool assigns a flood risk score based on relative levels defined by the user. An example of the output is shown in Figure 3 .
The test catchments were evaluated for present day and future climate design storms based on current industry levels of service (10 year and 30 year frequency of flooding and worst case duration events, extrapolated to 100 years for risk assessment). Rainfall information was based on three approaches: † The UK Flood Estimation Handbook (Institute of Hydrology, 1999) for existing rainfall, with 10, 30 and 100 year return periods † UK Climate Impacts Programme (UKCIP) (based on the medium-high climate change scenario, UKCIP, 1998). In this, rainfall duration timesteps are only available down to 6 hour intervals; hence these needed to be further downscaled to time intervals appropriate to urban drainage systems. Downscaled rainfall uplift data, at short time intervals, were provided for 2080 by UK Water Industry Research Ltd. from Onof et al. 1998 predictions that indicated reductions would only apply to the southern part of the country. These changes are significant for assessing the performance of urban drainage systems under pluvial extremes, particularly as the critical period is often in the summer. The rainfall differences between each of the socio-economic and climate change scenarios were scaled using simple percentages compared with the present day FEH estimates as follows: FEH scale 1.0; Global Sustainability (GS) scale 1.05; Local Stewardship (LS) scale 1.1; National Enterprise (NE) scale 1.15; World Markets (WM) scale 1.20. This was because there are no reliable estimates of rainfall uplifts between these scenarios for urban areas in the UK. Hence the scales are based on average differences in total rainfall from UKCIP information.
The modelling used only the FEH (present day predicted rainfall) and that for the NE scenario, assuming this equated to the Medium-High climate change scenario. The base data were for UKCIP98, but results were also scaled for UKCIP02. Scaling of rainfall depended upon return period of storm, catchment location and scenario. The modelling accounted for flood risks associated with the performance of the main drainage network alone. Hence additional risks caused by failure to local or individual property drainage had to be accounted for separately. As did possible flooding from other surface inflow inundation. In addition, further scaling was required to account for other factors such as increases in urbanisation under each scenario.
Properties currently at risk of sewer and drain flooding in England and Wales may be estimated from OFWAT, Defra and EHCS reports (Evans et al., 2004a) . Insurance companies have more data related to flood claims; however, this information is not readily available and many property owners do not make claims, as they are concerned about the effect on property values. There is apparently a need for more consistency in data collection about flooding incidents arising from sewers and drains and this is also true for the sewerage undertakers (NAO, 2004) . Also, understanding of how flood incidents occur is often limited, particularly where these occur in urban areas where watercourses have been culverted and the distinction between 'sewers' and non-sewers is not entirely clear (e.g. Tufail et al., 2003) .
The scaling used for local and other flooding was based on a comparison between the published performance data for the main sewerage flooding in the UK. The averaged results from the four test catchments were scaled up nationally and this gave some 23,457 properties at risk once in ten years under the FEH (current assumed) rainfall conditions. This is larger than water industry published data (13,920), and was factored down by 0.59 to eliminate the difference. As the main sewerage flood risks comprise only some 17% of the intra-urban flood risks, based on recorded data from the recent English House condition survey (EHCS), the total actually at risk should be increased by a factor of 5.9. The EHCS gives a total number of 62,458 properties currently at risk. Nationally this equates to 77,635. Using the scaling factors defined earlier of 0.59 and 5.9, the total estimated properties at risk of flooding based on the adjusted model results were found to be 81,653. These figures are thus close enough to have some confidence in the results. These combined scale factors were presumed to be applicable to each of the scenarios.
For urbanisation, the current predictions nationally suggest very small changes in greenfield area, of the order of less than 0.1% per annum (ODPM, 2003) . There may, however, be more rapid changes in brownfield areas. Unfortunately data are not available, and it was assumed that development in these areas was locally at a rate some 10 £ that for greenfield. In addition, urban creep by informal means (e.g. individual properties adding patios and hard standing) has been shown to average some 7% in the UK. Hence this gave overall a base case increase in impermeable area of up to 15% by 2080, indicating a change that is comparable with that for the rainfall. However, scaling this across scenarios is not straightforward. Hence assumptions were made: for WM scale 2 £ base case; NE scale 1.2 £ ; LS scale 0.75 £ ; GS scale 0.5 £ . These included assumptions relating local drainage to main sewerage effects. In the latter cases urban areas may actually decrease, reducing flood risk.
Analysis of responses
The results from the initial modelling were used to demonstrate the performance of the existing main sewered catchments in terms of flooding within the urban area. Subsequently, a number of flooded areas were selected for further investigation and trialling of responses. The responses considered were those that could be modelled with some confidence (to a greater or lesser degree). These included: storage -either above or below ground; increasing existing sizes of sewers; disconnecting impervious areas (assuming new infiltration or equivalent facilities); flood management by directed overland flow flood pathways for excess flows.
In each case the outline dimensions for the response were determined for the specified return period (of storm input). These were then related by unit costs to direct capital costs. The outline dimensions for the developed solutions were then built into the sewer models to allow the upgraded system's performance to be determined. This was represented by the number of properties at risk from flooding in the different risk categories (Figure 3) . Finally, the property risk scores were used to determine the expected annual damage (EAD) for the original and upgraded systems, for both present day and future climate conditions. This provided the EAD and response costs for the medium-high climate change scenario for each individual response in each area. As this covered only the main drainage network, additional costs had to be estimated for the local drainage and property flood risks as described above. The EAD and cost curves were then assumed to be applicable across the UK population of 58,789,194 (2001 census) . Hence cost-effectiveness of the individual responses could be determined by scale-up in terms of population. These baseline model results for NE were then used to scale the other three socio-economic scenarios.
The modelling work showed that results were dependent largely on changes in rainfall rather than catchment characteristics or any other variable. It was shown that the extent of flooding and the potential scale of remedial works correlated well with rainfall. This meant that the effects of other scenarios could be evaluated with reasonable confidence by scaling from projected rainfall change, rather than having to repeat the whole modelling impact assessment for each case. This enabled the other three economic scenarios to be evaluated using the scaling factors outlined above. Overall the EAD flood risk under current climate conditions was determined as some 2,878 properties per year for just the main drainage related flooding due to precipitation changes, with a projected increase of 112% up to 6,382 properties per year under the baseline, the NE scenario. The associated costs were estimated as £1,311,379 and £29,084,799 per annum respectively. This represents a total of 2,576,064 properties currently at risk in a ten year event and potentially 3,386,232 properties at risk in future under the NE scenario.
Using data described above for other flooding sources, raised the EAD to 7,545 properties per year under current climatic conditions, with some 18,564 future properties per year under the NE scenario. When taking into account the differentials in standards of protection that are currently used (and assumed for NE scenario) the increase in numbers of properties at risk is of the order of 242%. Economically this gives an EAD of £34 M per year under current climate conditions, rising to £85 M per year by 2080 under the NE scenario.
R.M. Ashley et al. 271 There are only limited differences in risk between the various scenarios for precipitation changes, largely because the base rainfall varies only by some 20%. The rainfall predictions using UKCIP02 data show attenuation in the predicted risk increases for some scenarios. However, overall these show that future flood risk will still increase by at least a factor of 2 under all scenarios. This is because any increase at all in rainfall over and above current predictions would lead to significant increases in the numbers of flooded properties. There was insufficient data to determine whether or not the effects of coincident flooding -river and pluvial, or coastal and pluvial -were likely to significantly increase future risks. However, comparison of the cost uplifts with rainfall uplifts showed that the catchments with interactions with rising tide levels or watercourses proportionately had 50% and 100% higher costs for the responses.
Overall there is large uncertainty in the precipitation multipliers, as the rainfall uplift predictions are highly uncertain (comparing the UKCIP98 with UKCIP02 for example). In addition the models for assessing flooding are also not yet reliable. Hence the predictions should be considered to be only within an estimated range of uncertainty of less than one half of the multipliers and more than double. Urbanisation has been determined as having a large physical potential for urban flood risk increase, up to 2 times current levels. The uncertainties for this are much as for precipitation, at least within the band 50% and 200% of the estimated figures.
The effectiveness of the individual responses will vary for the different drivers and between scenarios. No further analytical work was carried out to quantify the risk increases or the effectiveness of other responses. These were determined by expert workshops, taking into account the effectiveness of the precipitation responses as described in this report.
Conclusions
The study has shown that although the potential effects of climate change on urban property flooding cannot be predicted precisely, the effects are nevertheless likely to be significant. Current sewer modelling techniques replicate the performance of below ground pipe systems well, but do not accurately predict surface flows that occur after the onset of flooding. Surface flows and consequential pathways are known to be important in assessing the risk of individual property flooding. Recent developments in GIS based tools, such as the MWH Flood Risk Tool used here, go some way to address this, but further work is needed to improve these tools so that flood risk can be better managed. Traditional means of tackling flooding may prove less cost effective in the future. Storage solutions become less cost advantageous when compared with conveyance solutions as storm severity increases. Alternative methods such as infiltration or sacrificial flood areas have yet to be proved acceptable on a large scale. Considerably more work to develop innovative solutions is needed if a steep rise in the cost of managing flood risk in the future is to be avoided.
